Abstract-Video consumption over Internet has increased significantly over the recent years and occupies the majority of the overall data traffic. To decrease the load on the Internet infrastructure and reduce bandwidth taken by video, higher efficiency video codecs, such as H.265/HEVC and VP9, have been developed. The availability of these two new competing video coding formats raises the question of which is more efficient in terms of rate-distortion and by how much they outperform the current state-of-the-art coding standard, H.264/AVC. This paper provides an answer to this difficult question for low-delay video applications, e.g., real-time video streaming/conferencing or video surveillance. The benchmarking of HEVC and VP9 video compression was conducted by means of subjective evaluations, assuming web browser playback, an uncontrolled environment, and HD video content. Considering a wide range of bit rates from very low to high bit rates, corresponding to low quality up to transparent quality (when compared to the original video), results show a clear advantage of HEVC with average bit rate savings of 59.5% when compared to AVC and 42.4% when compared to VP9.
I. INTRODUCTION
Recent dramatic increase in video consumption over IPnetworks, with video data taking more than 75% of Internet traffic, prompted for the development of new video compression technologies that would be significantly more efficient than the existing video codecs, including the popular H.264/MPEG 4 Part 10 AVC [1] (referred as AVC in this paper). The development efforts led to the creation of two video codecs. One is the high efficiency video coding (HEVC) [2] , also known as H.265/MPEG-H Part 2, jointly developed by ITU-T and ISO/IEC. Another is VP9 video compression, which is an OpenSource alternative to HEVC developed by Google and is positioned as a royalty-free, license-fee-free solution, with the main focus on supporting Internet-based video consumption.
The fact that VP9 was released at a similar time frame to HEVC and that it was announced as a superior alternative raised interest in the research and professional communities. It resulted in several studies comparing these two codecs to each other and to AVC. Most such studies relied on objective metrics to measure coding efficiency and resulted in conflicting conclusions depending on the study performed. In [3] , the authors claim that VP9 is inferior to both AVC and HEVC and demonstrate that HEVC provides average bit rate savings of 43.3% compared to VP9. However, a different study [4] comes to a different conclusion, with VP9 showing similar compression efficiency when compared to HEVC and a significantly higher compression efficiency when compared to AVC. Such conflicting conclusions are mainly caused by different usage scenarios assumed in the papers and by different encoding configurations used. The authors of [3] have further extended their study to a low-delay scenario [5] , which is more suitable for real-time video applications, and by using PSNR measurements, and conclude that using HEVC results in average bit rate savings of 32.5% when compared to VP9.
In the above studies, authors relied only on PSNR as objective metric to compare compression efficiency of selected encoding schemes. However, human perception is subjective, and results of subjective assessments performed using standard quality evaluation methodologies is a priori a more reliable measure of compression efficiency. Therefore, a subjective evaluation of HEVC, VP9, and AVC codecs was performed in [6] to determine the actual perceived quality of compressed video content. The study assumed a broadcasting scenario using ultra high definition (UHD) video content in a standard test laboratory environment with controlled lighting conditions and a professional UHD reference monitor. According to the subjective evaluation results, HEVC outperformed VP9, showing on average a nearly 50% bit rate reduction for the same subjective quality. This paper presents the comparison of the compression efficiency between HEVC, VP9, and AVC by means of subjective evaluations assuming a real-time Internet-based streaming scenario. In such a scenario, subjects receive a real-time streamed video content and watch it in a web browser in an uncontrolled environment. High definition (HD) content is typical for current video consumption over the Internet and is compressed using parameters most suitable for Internet-based scenario. In our experiments, a total of 26 subjects took part in a crowdsourcing subjective assessment, evaluating 8 different video contents with resolutions ranging from 720p to 1080p, which were compressed to four different bit rates using HEVC, VP9, and AVC.
It should be noted that the comparison of different codecs in a fair and unbiased manner is very hard, especially because of many differences in their actual implementations [4] . Nevertheless, since the development of the first video compression standards, two main coding configurations have been considered. The first one is the low-delay configuration, which aims to achieve real time encoding-decoding, exhibiting less than 150ms delay [7] . In this configuration, picture reordering is not allowed and only the first frame is intra-coded. Teleconferencing and video surveillance are typical application scenarios that requires low-delay. The second configuration is referred to as random-access. In this configuration, picture reordering is allowed and intra-coded frames are inserted periodically, e.g., every 0.5-1s. Typical application scenarios include video storage, to be able to easily access the video stream at different positions, and broadcasting, for channel surfing [8] . To reflect the real-time application scenario, we selected low-delay coding configuration. Additionally, we used fixed quantization parameters (QP) and disabled any ratedistortion optimization tools.
The paper is organized as follows. In the next section, the selected coding algorithms compared in our experiments and their main configuration parameters are introduced and briefly described. Section III contains detailed description of the selected test video sequences, the testing environment, the test methodology adopted in our experiment, and brief description of data analysis. Statistical analysis of the collected subjective data and results are presented in Section IV. Finally, Section V concludes the paper.
II. CONFIGURATION OF SELECTED CODECS
For HEVC, the HM reference software [9] was selected, as it is a popular implementation [2] . The latest codec of the WebM Project, i.e., VP9 codec [10] , released by Google was selected and used in our experiments. Finally, the x264 library [11] was used to evaluate the performance of AVC based coding scheme as it is fast, publicly available, and one of the most commonly used implementations of AVC. For each codec, the fixed quality parameter was set separately. Such setting allows fair mutual comparison of encoders as it removes all rate control adaptation between video frames. A more detailed description of the selected encoders, including their profiles and parameters configuration, is presented further in this section.
The latest versions of the HM reference software was used for encoding video sequences with HEVC. The Low-Delay (LD) configuration in default main profile with B frames was selected [12] . Low-delay configuration with B frames was selected since is achieves higher coding efficiency (because of bi-prediction), when comparing to low-delay configuration with P frames only. In this configuration, the first frame is encoded as an I frame and subsequent frames are encoded as B frames, while reordering of the B frames is not allowed, i.e., only the reference picture list 0, which references to past frames, is used. Therefore, this configuration introduces minimal coding delay and can be used for real-time application scenarios.
For this work, the VP9 encoder and decoder were considered as a most recent implementation of the WebM Project. Due to the lack of official documentation and specifications for this encoder, the parameters were set based on recommendations received from the WebM Project lead developers. VP9 encoder allows to set the QP in two different ways. First approach [3] , [5] sets the -min-q and -max-q parameter to the same value. According to the comments of lead developers of VP9, such a setting apparently decreases the compression efficiency [6] . Therefore, the available fixed quality modeend-usage=3, which allows to vary the coding quality factor, was selected for VP9 encoding. Furthermore, the Intra Period parameters (kf-min-dist and kf-max-dist) were set to very large values to ensure that only the first frame is an I frame, which corresponds to low-delay configuration requirements for real-time scenarios considered in this paper. The selected configuration for VP9 allows comparative testing with AVC and HEVC.
Since the x264 implementation allows low-delay configuration only with P frames, it is only used as an orientation anchor to benchmark the other two next generation codecs.
More detailed information about the configuration of all investigated encoders can be found in Table I .
III. SUBJECTIVE EVALUATION
This section describes the dataset and methodology used in the crowdsourcing-based subjective quality assessment, as well as the processing of the collected raw subjective scores.
A. Dataset preparation and description
Ten video sequences were used in the experiments, with different spatial and temporal characteristics, resolutions, and frame rates. Eight sequences were used for the subjective tests and two sequences were used for training. Figure 1 shows a representative frame sample of each video sequence. Each video sequence was ten seconds long and stored as raw, progressively scanned video file, with YCbCr 4:2:0 color sampling and 8 bits per sample. Furthermore, each video file was encoded with all three evaluated codecs at four bit rates. Since fixed QP configuration was used to control the quality of AVC, HEVC, and VP9 compressed bitstreams, the sequences were first encoded at various QP values. Then, an expert screening session was conducted to select the lower and upper QP bounds for each content separately (including training), by targeting bit rates defined in [13] and trying to cover the full quality scale for each content. of targeted (R1' -R4') and actual (R1 -R4) bit rates, with corresponding QPs, for each codec.
B. Test methodology
The single-stimulus (SS) methodology [15] was chosen for evaluations. A five-grade quality scale (1: Bad ; 2: Poor; 3: Fair; 4: Good; 5: Excellent) was used. The subjects were asked to judge the overall quality of the evaluated video sequence. To reduce contextual effects, the stimuli orders of display were randomized applying different permutation for each subject, while the same content was never shown consecutively.
To display the video sequences and collect individual scores, a slightly modified version of the QualityCrowd 2 framework [16] was used. QualityCrowd 2 uses a simple scripting language that allows for the creation of test campaigns with high flexibility, e.g., specific pages for instructions, mixing different methodologies, etc. However, QualityCrowd 2 uses a fixed task order for each batch. To overcome this drawback, a plugin was developed to redirect each worker to a different batch, with a different display order for stimuli. Additionally, the VLC web plugin was used instead of the default Flash player, as it offers fullscreen playback. Fullscreen was automatically enforced for full HD video sequences.
All decoded video sequences were re-encoded with AVC, since transmitting uncompressed video data to remote workers is impractical and there is no browser video plugin capable of reliable real-time decoding and displaying for all evaluated codecs and resolutions, especially for HEVC and VP9 full HD content. The 720p contents at 50 fps were compressed at 20 Mbit/s, which is commonly considered as perceptually transparent quality for video broadcasting. For other frame rates and resolutions, the bit rate was set proportionally to their frame rate and resolution corresponding to the above mentioned bit rate. For example 1080p contents at 50fps were encoded at 45 Mbit/s. A two-pass encoding was used and the deblocking filter was disabled to preserve the original blockiness artifacts when encoded at low bit rates. Expert viewing session was conducted prior to the main subjective assessment and the expert viewers evaluated the quality of this second encoding as visually lossless.
To mimic the realistic real-time application scenario, the subjective tests should ideally be conducted in form of crowdsourcing. Nevertheless, as it is relatively difficult to find online subjects equipped with a full HD monitor and because of the relatively large amount of transmitted video data, the experiments were conducted at EPFL in an uncontrolled lab room with desktop computers. Therefore, the workers demographic was limited to university students participating on voluntary basis, and thus they were not remunerated for their effort.
However, this approach helps to focus the subjective tests to compression part of the transmission chain only, as it limits the artifacts due to network transmission, transport protocol and playback settings.
A total of 26 subjects participated in the study. Each subject evaluated all test stimuli. Half of the subjects evaluated the 720p contents first, while the other half evaluated the 1080p contents first. To minimized visual fatigue effects, subjects took 10 minutes break between the two tasks.
Before the experiments, short written training instructions were provided to the subjects to explain their tasks. Additionally, three training samples, representative of Excellent, Fair, and Bad quality, were displayed to familiarize subjects with the assessment procedure. The training instructions and samples were presented using QualityCrowd 2.
C. Data processing
For the objective comparison of encoders, the rate distortions curves of luma component were used. The resulting PSNR Y value for each video sequence was computed as the average of all measurements across frames.
To evaluate perceived quality, standard statistical indicators describing the score distribution across subjects for each test condition (combination of content, codec, and bit rate) were computed. First, outlier detection was applied to remove subjects whose scores deviated strongly from others. Assuming the reliability of subjects participating on voluntary basis, no crowdsourcing measures, such as honeypots, were used to detect the outliers. However, the outlier detection was performed according to the guidelines described in Section 2.3.1 of Annex 2 of [15] . In our experiments, none of the subjects was detected as an outlier for any of the test sessions. Then, the mean opinion score (MOS) and 95% confidence intervals (CI), assuming a Student's t-distribution of the scores, were computed for each test condition. Finally, a multiple comparison analysis [17] was performed to identify statistically significant differences among MOS obtained for different codecs and bit rates. For this purpose, a one-way ANOVA and multiple comparison tests were performed. No correction was applied to correct for the multiple comparisons.
IV. RESULTS AND DISCUSSIONS
Figures 2 (a) and (c) depict the rate-distortion (R-D) curves for the 720p and 1080p contents, respectively. The R-D curves based on PSNR measurements are plotted with dashed lines, whereas the subjective ratings, i.e., MOS and CI, are plotted with solid lines. Based on PSNR measurements, HEVC outperforms VP9 by 0.5 to 2 dB, while VP9 provides a gain ranging from 0.5 to 6 dB when compared to AVC. For all contents and bit rates, objective measurements show that HEVC outperforms both coding algorithms.
The subjective results show relatively small confidence intervals, indicating a high reliability of the results and rather small variation across subjects. The ratings show similar trend to objective measurements: HEVC provides the best visual quality for a similar bit rate and largely outperforms AVC in most cases. Also, VP9 achieves better visual quality than AVC, except for contents ParkRun and Seedof, where CIs overlap significantly. However, in some cases (in particular, at high bit rates), HEVC and VP9 have similar ratings and there is no sufficient statistical evidence indicating differences in performance between these codecs at these bit rates. Finally, both HEVC and VP9 codecs can achieve Good to Excellent quality, i.e., MOS ≥ 4, at the highest bit rates used in our study, with the only exception of content ParkRun. Lower ratings for ParkRun content can be explained by the large values of spatial and temporal indices, computed according to [18] , implying that this content contains areas with high level of details and a lot of motion, and thus it is very demanding in bit rate. Figures 2 (b) and (d) show the results comparing all possible conditions for the 720p and 1080p contents, respectively. Comparing HEVC and AVC at similar bit rates, HEVC always provides statistically better visual quality when compared to AVC for contents Stockholm, Parakeets, Kirsten&Kara, and Seedof. For the other contents, there is not sufficient statistical evidence to show that HEVC outperforms AVC, especially at high bit rates. Looking at HEVC vs. VP9, HEVC is significantly better at the three lowest bit rates for contents Seedof, Kirsten&Sara, and ParkRun, whereas there are no statistical differences on contents Parakeets and UnderBoat. For the other contents, HEVC only outperforms VP9 at the lowest bit rates. Regarding the comparison between VP9 and AVC, VP9 outperforms AVC at the three lowest bit rates on the 720p contents, except for content ParkRun where there is no statistical difference. Similarly, VP9 shows better performance to AVC on the two lowest bit rates for the 1080p contents, with the exception of content Seedof, where there is not sufficient statistical evidence to show that VP9 outperforms AVC. Note that there is no case where AVC nor VP9 outperform HEVC, or when AVC outperforms VP9.
The bit rate reduction of one codec over another for a similar quality is estimated using the Bjøntegaard Delta Rate (BD-Rate) [19] . The Bjøntegaard model relies on PSNR measurements to determine the average bit rate difference. In this paper, only the luma component was considered for the PSNR computations. However, a more realistic estimate of the coding efficiency can be obtained by considering subjective ratings instead of PSNR values. For this purpose, the model proposed in [20] was used. This model reports the average bit rate difference, ΔR, for a similar perceived visual quality. Table III reports the BD-Rate and ΔR results.
Results based on objective measurements show that the average bit rate reduction of HEVC relative to AVC and VP9 is 57.3% and 33.6%, respectively. Although we used different encoders, different parameters (i.e., quality control parameters for VP9), and different metric PSNR Y , the results comparing HEVC to VP9 correspond to findings of [3] , where authors claim 32.5% bit rate savings in favor of HEVC. In other studies [3] , [4] , [6] , authors used random access encoders configuration, and therefore mutual comparison of our results to those works is irrelevant.
On the other hand, results based on the subjective ratings indicate an average bit rate saving of 59.5% and 42.4% for HEVC when compared to AVC and VP9, respectively. Furthermore, the bit rate reduction achieved by VP9 relative to AVC is 40.4% and 33.3% based on estimated and perceived quality, respectively. These results show that the compression efficiency of HEVC over AVC predicted based on for HEVC, and V stands for VP9 coding algorithm) and bit rates (R1 to R5), for each test content separately. In each plot, the color of each square shows the result of the significance test between the mean opinion scores related to the two test conditions reported in the corresponding column and row. A white (black) square indicates that the MOS corresponding to condition A is statistically significantly better (worse) than the MOS corresponding to condition B, while a grey square indicates that there is no sufficient statistical evidence indicating differences between the two MOS values. PSNR values is similar to the gain observed from subjective ratings. However, the performance of VP9 computed based on objective measurements seems to be overestimated, as the compression efficiency estimated from subjective ratings shows lower values. These results indicate that previous studies relying only on objective evaluations might have overestimated the performance of VP9.
V. CONCLUSION
In this paper, a detailed description of the subjective quality evaluation tests conducted to benchmark the performance of HEVC and VP9 video codecs for real-time video applications has been presented, using low-delay coding configurations, as defined by MPEG. These codecs have been compared to an AVC anchor using eight different HD contents encoded at four bit rates. Subjective quality scores of 26 subjects related to each content, codec and quality parameter have been collected via a crowd-based platform. High consistency of achieved results allows an accurate comparison of the performance of the investigated codecs.
The test results show that HEVC offers improvements in compression performance when compared to VP9 and AVC, if one considers a wide range of bit rates form low to high, corresponding to video with low to transparent quality. More specifically, objective based measurements show that HEVC achieves average bit rate savings of 57.3% versus AVC and 33.6% versus VP9, whereas an average bit rate reduction of HEVC based on perceived quality reaches 59.5% versus AVC and 42.4% versus VP9.
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